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Abstract  
Nb2O5 is an important material able to exist in many polymorphs with unique optical 
properties and morphologies that are dependent on the synthetic route. Here we report 
a novel ambient pressure chemical vapour deposition route to Nb2O5 via aerosol 
assisted chemical vapour deposition. The amorphous as deposited films were 
annealed in air to obtain the three most stable crystal structures - orthorhombic, 
tetragonal and monoclinic. The films were thoroughly characterized for their material 
properties and an in depth study into the optical properties was carried out using state 
of the art hybrid functional theory that allowed more insight into the optical properties 
of the materials. 
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Introduction 
Niobium pentoxide (Nb2O5) is a wide band gap material that has attracted much 
interest of late due to its ability to exhibit various crystal phases that allow it to 
display many functional properties.1 The band gap of Nb2O5 has been reported to vary 
from semiconducting (3.1 eV) to insulating (5.3 eV) range and can be adjusted 
through doping, changes in crystallinity and stoichiometry and heat treatment to 
obtain different phases.1 The most stable phases of Nb2O5 are the orthorhombic (o), 
tetragonal (t) and monoclinic (m), usually activated via thermal treatment at 800, 1000 
and 1100 oC respectively with typically an amorphous polymorph present below 500 
oC.  
Nb2O5 has been prepared in the thin film form by a range of techniques including 
reactive sputtering2, pulsed laser deposition3,4, atomic layer deposition5 and 
atmospheric pressure (AP) techniques such as AP-chemical vapour deposition6 and 
sol-gel dip coating7. The method of fabrication plays an important role in the 
morphological properties of the thin films and their application. Applications for 
Nb2O5 are wide ranging, for example nanostructured Nb2O5 has been used as a 
photoanode in dye sensitized solar cells due to its wide band gap, excellent electron 
injection efficiency and chemical stability.8–11 Furthermore nanostructured high 
surface area layers are advantageous for sensing12–14, catalytic15 and battery16,17 
devices. For optical coatings however smooth and featureless Nb2O5 films are 
required to minimize light scattering.18 It has been noted that the preparatory methods 
to Nb2O5 are highly influential on the morphology and hence on the functional 
properties.1  
Here we report a novel route to Nb2O5 using a specialized form of chemical vapour 
deposition called aerosol assisted CVD.19 This simple ambient pressure and easily 
scalable CVD technique delivers the necessary precursors that are dissolved in a 
suitable solvent to the heated substrate in the form of aerosol droplets.20–22 This 
precursor delivery method is key in that it enables the use of non-volatile precursors 
that are typically incompatible with traditional forms of CVD.23  
Utilizing AACVD and when necessary a post deposition annealing step, we set out to 
fabricated amorphous, orthorhombic (o), tetragonal (t) and monoclinic (m) forms of 
Nb2O5 determine the optical properties and compare to new hybrid density functional 
theory calculations. The results show the calculated band gaps match closely with the 
experimental results. The calculations also show density of states and band structures 
for all three of the crystalline phases. Furthermore, simulated valence band structures 
of the films have been presented and compared to experimental results.    
Results and Discussion  
AACVD was employed to prepare amorphous (a) Nb2O5 thin films on quartz 
substrates from a one pot solution of [Nb(OEt)5] and methanol at 450 
oC. The films 
were subsequently annealed at 800, 1000 and 1200 oC for 12 hours to obtain the 
orthorhombic (o), tetragonal (t) and monoclinic (m) crystal phases respectively. 
Visually, the films were generally transparent but with increasing annealing 
temperature they became hazier. All films were well adhered to the substrate and 
passed the ScotchTM test.24  
The X-ray diffraction (XRD) patterns and scanning electron microscopy (SEM) 
images, shown in Figure 1, reveal the impact of post deposition annealing temperature 
on the crystallinity and morphology of the Nb2O5 films.  The as-deposited film was 
X-ray amorphous as evident from the lack of Bragg reflections in the XRD pattern 
(Figure 1a). Upon annealing under air at 800 oC peaks corresponding to the 
orthorhombic phase were seen. Similarly, t- and m- Nb2O5 films were obtained by 
annealing at 1000 oC and 1200 oC respectively. The XRD patterns also show all films 
to be phase pure with no evidence of mixed phase Nb2O5 composites formed. It can 
also be observed from the XRD patterns that there are some degrees of preferred 
orientation compared to the simulated patterns, this is most likely due strain caused by 
quartz substrate on the film during growth and annealing steps. 
The differing morphology observed via SEM of the a-, o-, t-, m- Nb2O5 is shown in 
Figure 1b.  The a-Nb2O5 film has a relatively flat morphology composed of densely 
packed spheres ~30 nm in diameter. In the o-Nb2O5 these spheres appear to have 
coalesced together to form more structured features protruding from the substrate that 
range in size from 250 nm to 1000 nm. Parkin et. al. observed a similar morphology 
for o-Ta2O5 grown by AACVD and annealed at 800 
oC. With further heat treatment, 
the morphology of the t-Nb2O5 shows similar morphology to o-Nb2O5 however with 
features between 1000 and 1200 nm in size. The m-Nb2O5 film shows a markedly 
different surface structure consisting of large rod like entities with some over 10 μm 
in length. The change in morphology to larger structural features with increasing 
annealing temperature as observed here is due to the increase in surface mobility 
during phase transformations that allows surfaces to reduce their total energy by 
reducing grain boundary area. 
 Figure 1: a) The XRD patterns of the as deposited and annealed films with the three crystal 
phases – orthorhombic (o), tetragonal (t) and monoclinic (m). The simulated patterns are in 
colour and the experimental in black. * Indicates peak due to the quartz substrate. The SEM 
micrographs of these films b) amorphous c) orthorhombic d) tetragonal and e) monoclinic are 
also shown. 
Figure 2a-d shows the core level X-ray photoelectron spectroscopy (XPS) results for 
the four different Nb2O5 films. For the a-Nb2O5 (Figure 2a) the Nb 3d spectrum is 
dominated by a simple spin orbit doublet separated by 2.8 eV with the 3d5/2 peak 
centered at 206.2 eV corresponding to literature reports for Nb(V). A weak low 
binding energy shoulder is also present which can be modelled to Nb(IV) (Nb 3d5/2 
204.7 eV) that arises from surface oxygen vacancies and has been seen previously for 
Nb2O5 samples.
2 This shoulder feature is not present in the annealed samples due to 
the oxidizing nature of the heat treatment. The annealed samples (Figure 2b-d) show 
only peaks corresponding to Nb(V) with Nb5/2 peak positions consistently at 206.6 eV, 
shifted to slightly higher binding energies relative to a- Nb2O5.  
 
Figure 2: a) XPS spectra showing the Nb 3d transitions for the a) a-NbOx b) o-Nb2O5 c) t-Nb2O5 
d) m-Nb2O5 films on quartz. Two sets of doublets are observed in the Nb 3d spectrum for a-NbOx 
suggests the presence of Nb5+ (95% abundance) and Nb4+ (5% abundance) oxidation state on the 
surface. The VB-XPS and simulated VB-XPS (colour) for e) o-Nb2O5, f) t-Nb2O5 and g) m-Nb2O5. 
The experimental and simulated valence band (VB) XPS for the crystalline Nb2O5 
films weighted using the atomic photoionisation cross-sections by Yeh and Lindau are 
shown in Figure 2e-g.25 The experimental VB structure is composed of a broad 
feature made up of O 2p states that is centred at ~6 eV for the o- and t- Nb2O5 films 
but at ~9 eV for the high temperature monoclinic phase.2 The calculated data is in 
good agreement with the experimental findings, in particular, there is an excellent 
correlation between the data sets for the orthorhombic and tetragonal structures. The 
peak widths for the orthorhombic, monoclinic and tetragonal VB-XPS in Figure 2 are 
~8 eV, ~7 eV and 7 eV respectively. The simulated spectra for the monoclinic 
polymorph has a pronounced trough at a binding energy of ~9 eV arising from a lack 
of density of states that was not observed in the experimental data, however the slight 
troughs for the orthorhombic and tetragonal structures at ~6 eV were present in the 
experimental data as shoulders in the main peak.  The slight discrepancies observed 
between the simulated and experiential VB XPS data (for example between 10-14 eV) 
mainly arise due to the measured XPS being of the surface while the calculated 
spectra are based on bulk Nb2O5. 
The theoretical calculations for the three crystalline phases of Nb2O5 syntheisised in 
this study were carried out using the HSE06 hybrid DFT functional using ab-initio 
methods. The calculated density of states (DOS) for each polymorph is provided in 
Figure 3, where, in each case the valence band maximum (VBM) is dominated by O 
2p states. This behaviour is typical of most wide band gap oxides such as TiO2 and 
In2O3. From ~ -6 eV to -4 eV in all three polymorphs, there is significant mixing 
between the Nb d states and the O 2p states with some minimal Nb p and s states. 
Between the energy ranges of -4eV to just below the VBM (0 eV) the amount of Nb d 
states begins to tail off with an increase in Nb p states. The conduction band minimum 
(CBM) is predominantly Nb 4d states with increasing O 2p states towards 6 eV. 
These results are consistent with other theoretical studies carried out on Nb2O5.  
 
Figure 3: The calculated density of states (DOS) for a) orthorhombic b) tetragonal and c) 
monoclinic Nb2O5 systems. Each diagram displays the total density of states (black line) and the 
individual contributions of the elements and orbitals (coloured lines). 
Despite much research being carried out on Nb2O5, few theoretical studies have been 
carried out to be accurate for electronic properties. The theoretical band gaps 
presented in the literature range from ~2.5-4.6 eV however the majority of studies use 
standard DFT functionals which are well known to underestimate the band gaps of 
materials. The calculated fundamental and optical band gaps in this work using the 
HSE06 functional and the band structures are displayed in Figure 4a-c with the 
calculated optical absorption spectra in Figure 4d-f where for each polymorph an 
indirect band gap is seen. The orthorhombic band structure (Figure 4a) has its VBM at 
the gamma high symmetry point (Γ) and CBM at the Y high symmetry point giving 
an indirect band gap of 4.05 eV. The optical transition occurs between Γ and X from 
the second highest valence band to the lowest conduction band (Eg
opt = 4.16 eV). The 
VBM and CBM in the tetragonal structure (Figure 4b) are found at N and Γ 
respectively giving rise to an indirect band gap of 3.16 eV. The optical transition in 
tetragonal Nb2O5 occurs at Γ with an optical band gap of 3.64 eV. Lastly, the 
monoclinic band structure (Figure 4c) shows the VBM at L and the CBM at Y with an 
indirect band gap of 3.67 eV. The direct band gap transition at L (VBM) is allowed 
and as such the optical band gap is 4.19 eV (Eg
dir = Eg
opt).  
 
 Figure 4: The calculated band structures for a) orthorhombic b) tetragonal and c) monoclinic 
Nb2O5. The valence and conduction bands are depicted with blue and orange bands respectively, 
and the optical transitions are displayed with the green arrow. d), e) and f) Show the calculated 
optical absorption spectra for o-, t- and m- Nb2O5 (respectively) summed over all possible direct 
valence to conduction band transitions. These spectra are calculated using the HSE06 functional. 
g) Displays UV – Vis spectra of the AACVD grown amorphous and annealed crystalline thin 
films on quartz.  The insert h) shows the Tauc plot showing the indirect optical band gaps for a-, 
o- and t- Nb2O5 and the direct band gap for m- Nb2O5. 
These theoretical results match well with the experimental optical properties 
determined from UV-Visible spectroscopy (Figure 4g) data, from which the Tauc plot 
was used to determine the optical indirect band gaps for a-, o-, t- Nb2O5 and the direct 
band for m- Nb2O5. The results of which are presented in Table 1. The experimental 
results for t- and m- Nb2O5 show excellent match to the theoretical results and are 
within the range observed in literature (3.10 -4.87 eV).  
A recent study on monoclinic Nb2O5 (in the P2/m structure) was carried out using a 
modified Becke-Johnson functional, they found that their optical band gap was 3 eV 
(matching their experimentally defined band gap of 3.1-3.2eV).26 Whilst they see an 
excellent correlation between theory and experiment, we find that the difference 
between the P2/m monoclinic structure (which contains 15 non-equivalent Nb sites) 
and the C2/m monoclinic structure (used in this study which contains 1 non-
equivalent Nb site) makes a large difference in electronic structure. We have found 
that the HSE06 hybrid functional described the electronic structure of all three of our 
polymorphs to a high degree of accuracy and in direct agreement with our 
experimental values. 
Table 1: The experimental band gap and refractive index at various wavelengths for the 
amorphous and annealed Nb2O5.  The theoretical fundamental (Egfund) and optical (Egopt) band 
gaps for each phase of Nb2O5 using the HSE06 functional are also shown. 
 
 
 
 
Film Experimental Egopt  / eV Theoretical Egfund  / eV Theoretical Egopt  / eV 
a - Nb2O5 3.8 (ind) N/A N/A 
o - Nb2O5  3.7 (ind) 4.05 (ind) 4.16 
t - Nb2O5  
m - Nb2O5 
3.6 (ind) 
4.2 (dir) 
3.16 (ind) 
3.67 (ind) 
3.64 
4.19 
Conclusion 
In conclusion we report, for the first time, the AACVD synthesis of amorphous Nb2O5 
and subsequent annealing of the thin films on quartz to obtain the three most stable 
and useful polymorphs - orthorhombic, tetragonal and monoclinic. XPS analysis of 
the surface revealed the as-deposited film to contain Nb(IV) states as a result of 
oxygen vacancies. SEM images revealed the amorphous film to have densely packed 
nanostructure while the annealed samples had large features protruding from the 
substrate. Experimental optical characterization matched well with hybrid functional 
theory calculations. The calculated optical band gaps, which are usually 
underestimated by traditional DFT calculations, matched well to experimental values 
and those found in literature.  
Experimental  
Deposition Procedure  
Depositions were carried out in N2 (BOC Ltd., oxygen free nitrogen, 99.99% purity). 
[Nb(OEt)5] precursor (99%) was placed in a glass bubbler along with dry methanol 
and an aerosol mist was created using a piezoelectric device (Johnson Matthey 
liquifog®). [Nb(OEt)5] was procured from Aldrich and used as received. MeOH was 
also procured from Aldrich but dried over Mg and stored under molecular sieves 
before use. 
[Nb(OEt)5] (0.5 g, 1.57 mmol) was dissolved in MeOH (20 ml). The resulting 
solution was stirred for 10 minutes and then atomised. The precursor vapour was 
carried to the reactor using a constant N2 flow of 0.5 L.min
-1. Films were grown on 
quartz slides placed on SiO2 barrier coated float glass (Pilkington NSG). A top plate 
was suspended 0.5 cm above the glass substrate to ensure laminar flow. The 
deposition was conducted at 450 °C, where the substrate was heated on its underside 
using cartridge heaters embedded within a graphite block. The reaction took 60 
minutes to complete. After the deposition the bubblers were closed and the substrates 
were allowed to cool under a flow of N2 to less than 100 °C before it was removed. 
Coated substrates were handled and stored in air. The coated glass substrate was cut 
into ca. 1 cm × 1 cm squares for subsequent analysis.  
Annealing Procedure 
The Nb2O5 films on quartz were annealed in a Carbolite GLM 1 furnace with a 
Eurotherm 2216e temperature controller in air. Films were placed inside the oven at 
room temperature and heated to 800, 1000 or 1200 oC depending on the polymorph 
required, at a rate of 10 oC per minute, before being held at this temperature for 12 hrs. 
The furnace was allowed to cool to below 100 oC before the film was removed. 
Film Characterisation 
X-ray diffraction (XRD) patterns were measured in a modified Bruker-Axs D8 
diffractometer with parallel beam optics and a PSD LynxEye silicon strip detector. 
This instrument uses an unmonochromated Cu Kα source operated at 40 kV with 30 
mA emission current. The incident beam angle was set at 0.5° and the angular range 
of the patterns collected was 10° < 2θ < 65° with a step size of 0.05° counted at 1 
s/step.  
Scanning Electron Microscopy (SEM) was performed to determine surface 
morphology and film thickness using a JEOL JSM-6301F Field Emission SEM at an 
accelerating voltage of 5 keV.  
Optical spectra were taken using a Perkin Elmer Fourier transform Lambda 950 
spectrometer over a wavelength range of 190 nm to 3000 nm. This range encompasses 
the ultraviolet (UV), visible and near infrared (NIR) regions. The spectra were 
referenced against an air background.  
X-ray photoelectron spectroscopy (XPS) was performed in a Thermo Scientific K-
alpha photoelectron spectrometer using monochromatic Al-Kα radiation. Survey scans 
were collected in the range 0–1100 eV (binding energy) at a pass energy of 160 eV. 
Higher resolution scans were recorded for the main core lines at a pass energy of 20 
eV. Valence band spectra were also recorded. Peak positions were calibrated to 
adventitious carbon (284.5 eV) and plotted using the CasaXPS software.  
Density Functional Theory   
Density functional theory (DFT) calculations using the Vienna ab-initio Simulation 
Package (VASP)27–30 were used in order to investigate the electronic structures of 
three polymorphs of Nb2O5, (monoclinic – C2/m, orthorhombic – P212121 and 
tetragonal – I4/mmm), the unit cells of which are shown in Figure 5. The HSE06 
(Heyd-Scuzeria-Ernzerhoff)31 screened hybrid functional was utilised to describe the 
structural and electronic properties of the three polymorphs. Hybrid functionals are 
generally more accurate than standard functionals, yielding improved geometries and 
electronic structures more consistent with experiment.32–36 Within HSE06 the 
exchange interaction is split into both short range (SR) and long range (LR) parts, 
with 25% of exact non-local Fock exchange being substituted into the short range 
PBE (Perdew-Burke-Ernzerhoff)37 functional. A screening factor of 0.207 Å-1 is 
applied to the short range and long range terms of the Coulomb potential resulting in: 
Exc
HSE0 = Ex
HSE06,SR +Ex
PBE,LR +Ec
PBE  
Where 
Ex
HSE06,SR =
1
4
Ex
Fock,SR +
3
4
Ex
PBE,SR  
 
The interactions between the core electrons (Nb[Kr] and O[He]) and the valence 
electrons were described using the Projector Augmented Wave Method (PAW).38 
For each Nb2O5 structure a plane wave energy cut-off of 600 eV was deemed 
sufficient for convergence alongside Γ-centred k-point meshes of 4 x 4 x 6 
(monoclinic), 5 x 3 x 3 (orthorhombic) and 2 x 2 x 2 (tetragonal) for the 7, 28 and 56 
atom cells respectively. Structural optimisations were carried out on each structure, 
relaxing the lattice vectors, cell angles, cell volumes and atomic positions. 
Convergence was deemed to be complete when all the forces on the atoms were less 
than 0.01 eV Å-1. Optical absorption spectra were also calculated using optical 
transition matrix elements calculated within the transversal approximation and PAW 
method.38 The absorption spectrum is summed over all direct valence band to 
conduction band transitions ignoring intraband and indirect absorptions.39 Despite not 
addressing electron-hole correlation, this methodology has previously shown 
excellent agreement towards experimental absorption spectra.40–44 
In order to simulate the valence band X-ray photoelectron spectra (VB-XPS) and 
compare with the experimental data, the calculated density of states (DOS) was 
weighted using the atomic orbital photoionisation cross-sections formulated by Yeh 
and Lindau.25 A Gaussian broadening of 0.47 eV was applied to match the broadening 
observed in experiment. Multiple accounts have been shown of this method providing 
accurate descriptions of the states that make up the XPS data.22,35,44–46 
 
Figure 5: The unit cells of Nb2O5 in the a) monoclinic47 structure (C2/m) b) orthorhombic48 
Structure (P212121) and c) the tetragonal49 structure (I4/mmm). The unit cell boundaries are 
portrayed with dashed black lines and the Nb and O atoms as teal and dark grey spheres 
respectively. 
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